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ABSTRACT 

Laboratory measurements have been made o f  t h e  momentum t r a n s f e r  by a 

beam o f  N molecules t o  surfaces i n  t h e  molecular energy range 8-200 eV. 

The measurements have been performed as a f u n c t i o n  o f  angle of incidence 

for  samples o f  t h e  surfaces of Echo I ,  Echo I I ,  and Explorer  X I X  s a t e l l i t e s .  

The r e s u l t s  have been used t o  c a l c u l a t e  drag c o e f f i c i e n t s  f o r  spher ica l  

bodies, y i e l d i n g  1.9 < CD < 2.2.  
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I NTRODUCT I ON 

One method o f  i n v e s t i g a t i n g  t h e  dens i ty  of t h e  e a r t h ’ s  upper atmosphere 

i s  by observing t h e  o r b i t a l  decay o f  s a t e l l i t e s .  

o r b i t a l  parameters as a f u n c t i o n  of t ime one can i n f e r  t h e  drag f o r c e  

produced by t h e  atmosphere and hence i t  i s  poss ib le  t o  c a l c u l a t e  t h e  

atmospheric d e n s i t y  i f  t h e  drag c o e f f i c i e n t  i s  known. For t h e  f ree-molecular 

f low c o n d i t i o n s  t h a t  e x i s t  f o r  s a t e l l i t e s  i n  t h e  upper atmosphere, a knowledge 

From a knowledge o f  t h e  

o f  t h e  drag c o e f f  

and t h e  manner i n  

s a t e l  I i t e  sur face 

a v a i l a b l e  c 

i n  t h e  sa te  

t h e o r e t  i ca I 

I n  Apr 

lncern 

c i e n t  i s  equ iva len t  t o  knowing t h e  atmospheric composit ion 

which i n d i v i d u a l  molecules exchange momentum w i t h  t h e  

There is ,  however, very I i t t l e  experimental in format ion 

ng mo I ecu I e-su r f ace i n t e  r a c t  i ons f o r  r e  I a t  i ve ve I oc i t i es 

l i t e  range, and a consequent u n c e r t a i n t y  i n  any corresponding 

c a l c u l a t i o n s .  

I 1963 t h e  U n i v e r s i t y  o f  V i r g i n i a  began a program t o  study i n  

t h e  labora tory  the  t r a n s f e r  o f  momentum from atmospheric molecules t o  s o l i d  

surfaces, e s p e c i a l l y  f o r  r e l a t i v e  v e l o c i t i e s  i n  t h e  s a t e l l i t e  range and f o r  

surfaces t h a t  are samples o f  actua l  s a t e l l i t e  m a t e r i a l .  The program has 

been 

cogn 

o r i g  

have 

resu 

sponsored by NASA, Langley under Contract  N A S I - 2 5 3 8 ,  w i t h  techn ica l  

zance i n  t h e  Space Vehic le  Branch and Space Vacuum Laboratory.  The 

na I proposa I descr ibes t h e  genera I approach used, and ear  I i e r  r e p o r t s  

described t h e  system developed t o  make t h e  measurements,2 p r e l  iminary 

t s  f o r  N molecules on several  surface^,^ and a study o f  var ious  2 
methods f o r  produci ng a monatomi c oxygen beam. 

t h e  f i n a l  momentum t r a n s f e r  r e s u l t s  f o r  N2 on surfaces of Echo I ,  Echo I I ,  

and unpainted Explorer  X I X  s a t e l l i t e  mater ia l ,  a long w i t h  c a l c u l a t i o n  o f  

t h e  corresponding drag c o e f f i c i e n t s  f o r  spher ica l  s a t e l l i t e s .  I t  was 

o r i g i n a l l y  intended t h a t  measurements would a l s o  be made f o r  several s a t e l l i t e  

surfaces which were pa in ted  w i t h  epoxy p a i n t ,  b u t  it was found t h a t  these 

e l e c t r i c a l l y  i n s u l a t i n g  surfaces could n o t  s u c c e s s f u l l y  be employed w i t h  

t h e  present technique, s ince  small  e l e c t r i c a l  charges on these surfaces 

The present r e p o r t  descr ibes 
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produced fo rces  t h a t  tended t o  obscure t h e  small  fo rces  t h a t  were t o  be 

measured. 

pa inted sur faces i s  g iven i n  t h e  f i n a l  sec t ion  of t h i s  repor t .  

A b r i e f  d iscuss ion o f  est imated drag c o e f f i c i e n t s  f o r  t h e  

Consider now t h e  drag on a s a t e l l i t e  moving through a r a r e f i e d  a t -  

mosphere ( f r e e  molecular flow) w i t h  a speed large compared t o  t h e  thermal 

motion of t h e  atmospheric molecules. 

expressed as 

The drag c o e f f i c i e n t  can then be 
3 

3 [ A s P o  
‘m F 

= 2 I + - - coseda c =  
D I  2 

9 P V 0  

where F i s  t h e  drag force, A i s  t h e  cross sec t iona l  area o f  t h e  s a t e l l i t e  

p ro jec ted  on t h e  plane normal t o  t h e  d i r e c t i o n  of motion, p i s  t h e  a t -  

mospheric densi ty,  v 

atmosphere, P i s  t h e  corresponding molecular momentum, P i s  t h e  average 

component of momentum of r e f l e c t e d  molecules along t b e  d i r e c t i o n  o f  mot ion 

( taken p o s i t i v e  when opposi te  t o  Po), 8 i s  t h e  angle o f  incidence o f  molecules 

(measured from t h e  normal t o  t h e  sur face)  s t r i k i n g  an element of sur face da, 

and t h e  i n t e g r a l  extends over t h e  sur face o f  t h e  s a t e l l i t e .  The above 

expression may t h e r e f o r e  be used t o  c a l c u l a t e  t h e  drag c o e f f i c i e n t  f o r  a body 

o f  convex shape ( s o  t h a t  double r e f l e c t i o n s  are  n o t  poss ib le )  moving through 

a one-component atmosphere i f  t h e  r a t i o  Pm/Po i s  known as a f u n c t i o n  o f  e 
f o r  a g iven v . I f  t h e  atmosphere conta ins several components, then it i s  

necessary t o  know P /P 

o f  each present.  To take  a s imple example, i f  one considers a f l a t  p l a t e  

moving so t h a t  i t s  sur face i s  normal t o  t h e  d i r e c t i o n  o f  motion, then e = 0 

f o r  t h e  e n t i r e  sur face and we g e t  

i s  t h e  r e l a t i v e  v e l o c i t y  of t h e  s a t e l l i t e  through t h e  
0 

0 m 

0 
for  each molecular species as we1 I as t h e  propor t ion  m o  

( F l a t  P l a t e )  

I f  t h e  momentum of t h e  r e f l e c t e d  molecules i s  small  compared t o  t h e  incidentmomentum 

(Pm/Po << I )  then CD = 2, whereas i f  t h e  molecules a r e  r e f l e c t e d  back along 

2 



t h e  d i r e c t i o n  o f  v ( s p e c u l a r l y )  w i t h  a speed equal t o  v 
0 0' 0 

and CD = 4. 

f l a t  p l a t e  t o  be somewhere between these l i m i t s :  

body it i s  conceivable t h a t  f o r  a considerable f r a c t i o n  of t h e  surface P i s  

i n  t h e  same d i r e c t i o n  as P and hence i s  negative, leading t o  t h e  p o s s i b i l i t y  

o f  values o f  CD less than 2. 

then Pm = P 

One, there fore ,  would expect t h e  measured value o f  CD f o r  a 

2 < CD < 4.  For a convex 

m 

0 

The present paper i s  concerned w i t h  t h e  measurement i n  t h e  laboratory  

o f  Pm/Po as a f u n c t i o n  of  vo and 0 f o r  N2 molecules i n c i d e n t  on several 

surfaces, and t h e  c a l c u l a t i o n  o f  drag c o e f f i c i e n t s  from t h e  r e s u l t s  o f  these 

measurements. 

a body moving through a r a r e f i e d ,  s t a t i o n a r y  gas o f  N2 f o r  surface cond i t ions  

equ iva len t  t o  those i n  t h e  experimental system. I t  i s  a n t i c i p a t e d  t h a t  f u t u r e  

measurements w i t h  t h e  developed system w i l l  be concerned w i th  o ther  important 

upper-atmosphere species such as He and 0. 

These drag c o e f f i c i e n t s  should be v a l i d  f o r  the  s i t u a t i o n  o f  

The r e s u l t s  o f  some o f  the  normal incidence mea,surements were presented 

a t  t h e  S i x t h  I n t e r n a t i o n a l  Symposium on Raref ied Gas Dynamics a t  MIT i n  

J u l y  1968. The more complete r e s u l t s  f o r  Echo I and Echo I I surfaces are 

being prepared f o r  p u b l i c a t i o n  i n  t h e  A l A A  Journal .  

3 



EXPERIMENTAL METHOD 

Most o f  t h e  techniques employed i n  making t h e  measurements have been 

described i n  prev ious repor ts ,  b u t  they w i l l  be b r i e f l y  g iven  again here 

f o r  completeness. 

The general procedure i n  measuring P /P i s  t o  produce a beam of 

molecules having a known energy corresponding t o  s a t e l l i t e  v e l o c i t i e s  ( t h e  

energy i n  t h e  case of N2 molecules i s  8-18 eV), a l low t h e  molecules t o  

s t r i k e  a t e s t  sur face a t  a chosen angle o f  incidence, and measure t h e  

component o f  fo rce  on t h e  t e s t  sur face along t h e  beam d i r e c t i o n .  

r a t e  a t  which the  molecules s t r i k e  t h e  surface (mol./sec.) i s  de ermined, 

then t h e  fo rce  d i v i d e d  by the  r a t e  g ives  (P 
known from a knowledge o f  t h e  energy and mass o f  the  beam molecu es, 

then one has s u f f i c i e n t  in format ion t o  determine P /Po. 

m o  

I f  the  

+ Pm), and s ince P i s  already 
0 0 

m 

A schematic drawing o f  t h e  e n t i r e  experimental system i s  shown i n  

Figure I .  The apparatus i s  mounted i n  two separate vacuum chamgers, a 

beam chamber and a t e s t  chamber. The beam chamber conta ins t h e  ion source, 

e l e c t r o s t a t i c  lens system, n e u t r a l i z a t i o n  c e l l ,  and e l e c t r o s t a t i c  c o l l e c t i o n  

p la tes.  

t o r s i o n  balance used t o  measure t h e  f o r c e  produced by t h e  beam on the  sur- 

face. The t e s t  chamber i s  placed on a large concrete p i e r  which i s  i s o l a t e d  

from t h e  labora tory  f l o o r  t o  reduce mechanical v i b r a t i o n s  i n  t h e  t o r s i o n  

balance. The two chambers are  connected by a metal bel lows which a l lows 

movement o f  t h e  beam chamber so t h a t  the  beam cart be moved w i t h  respect t o  

t h e  t e s t  surface. 

pumps, b u t  t h e  p r i n c i p a l  pumping dur ing  operat ion i s  provided by a 6600 I/sec. 

cryopanel which i s  cooled t o  20°K by a Malaker Cryomite mechanical r e f r i g e r a -  

t o r ,  p r o v i d i n g  an opera t ing  pressure i n  t h e  beam chamber of 2-4 x Torr .  

The t e s t  chamber conta ins the t e s t  sur face which i s  mounted on a 

The vacuum chambers are pumped cont inuously  by d i f f u s i o n  

4 
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The ion  source and lens system are  patterned a f t e r  t h e  design of  

Utterback and bu t  la rger  apertures are used t o  increase t h e  usable 

ion currents .  The pressure i n  t h e  ion source i s  t y p i c a l l y  20 microns and 

the  anode c u r r e n t  i s  around IO ma a t  an anode vo l tage o f  30V. The ion beam 

i s  ex t rac ted  from t h e  ion source through a 0.44 mm diameter ho le  by an 

e x t r a c t i o n  p o t e n t i a l  o f  250V. 

I t  has been suggested6 t h a t  the space charge spreading of an ion 

beam could be minimized by i n j e c t i n g  e lec t rons  i n t o  t h e  beam t o  make t h e  

composite beam macroscopical ly neut ra l .  For the  beam described here t h e  

ion dens i ty  i s  o f  t h e  order  IO6 ions/cm3 so t h e  recombination7 between t h e  

N2 ions and f r e e  e l e c t r o n s  o f  an equal densi ty  i s  no t  expected t o  be s ig -  

niFTcant. The e l e c t r o n  i n j e c t i o n  i s  accomplished here by p l a c i n g  j u s t  

before t h e  t h i r d  lens a c i r c u l a r  0.20 mm tungsten f i l a m e n t  1.5 cm i n  d i a -  

meter, t h e  a x i s  o f  t h e  c i r c l e  being along t h e  beam ax is .  

e lec t rons  are formed i n t o  a beam by t h e  f i e l d  o f  the  t h i r d  lens and t h e  

a t t r a c t i o n  of  t h e  p o s i t i v e  space charge o f  the  ion beam. The composite 

beam o f  N2 ions and e lec t rons  passes on through t h e  t h i r d  lens t o  t h e  

+ 

Some o f  t h e  

+ 
n e u t r a l i z a t i o n  c e l l .  The asser t ion  t h a t  there  i s  n e g l i g i b l e  recomb 

between t h e  e l e c t r o n s  and ions was checked exper imenta l ly  by observ 

no neut ra l  beam was detected when the n e u t r a l i z i n g  gas was removed. 

I O  eV N2 beam, t h e  maximum ion c u r r e n t  t ransmi t ted  through t h e  neu 
+ 

m 

ce I 

t h e  

i n  

na t  ion 

ng t h a t  

For a 

r a l  i z i n g  

was found t o  be around IO-’ amp when no e l e c t r o n s  were i n j e c t e d  
-8 beam, and was 4 x I O  

he composite beam was approximately 2 x IO amp. 

amp ( -  2 x IOl’ ions/sec) when t h e  e l e c t r o n  
-7 

n t o  

c u r r e n t  

+ 
The beam leav ing t h e  n e u t r a l l z a t i o n  c e l l  i s  composed o f  N2 ions t h a t  

were n o t  neut ra l i zed ,  n e u t r a l i z e d  N2 molecules, e lect rons,  and somg low- 

energy N 

removed from t h e  beam by a t ransverse e l e c t r i c  f i e l d  created by two p a r a l l e l  

p la tes .  

molecules from the  n e u t r a l i z i n g  gas. The charged p a r t i c l e s  are 2 

The t o r s i o n  balance which i s  used t o  measure t h e  f o r c e  produced by t h e  

beam on t h e  t e s t  sur face was pat terned a f t e r  one described by Pearson and 

6 



8 9 Wadsworth and uses e l e c t r o s t a t i c  damping and an o p t i c a l  lever  for measuring 

t h e  angular d e f l e c t i o n  o f  t h e  balance arm. 

b u t  i s  capable of d e t e c t i n g  fo rces  as small  as 2 x dyne. The balance 

c o n f i g u r a t i o n  used i n  our work i s  shown i n  F igure 2. The t o r s i o n  f i b e r  

i s  I O  micron tungsten, and both damping p l a t e s  are mounted on t h e  same end 

o f  t h e  balance arm. The t e s t  sur face i s  mounted on t h e  o ther  end of t h e  

balance arm along w i t h  a momentum t r a p  f o r  measuring t h e  beam f l u x .  The 

procedure i s  t o  a l l o w  t h e  beam t o  e n t e r  t h e  momentum I-rap, measure t h e  

balance d e f l e c t i o n ,  and c a l c u l a t e  t h e  beam f l u x  under t h e  assumption t h a t  

This  balance i s  r e l a t i v e l y  rugged 

t h e  molecules leav ing t h e  t r a p  have a Maxwell ian v e l o c i t y  d i s t r i b u t i o n  which 

i s  c h a r a c t e r i s t i c  o f  t h e  temperature o f  the  t r a p .  (The r e s u l t s  a r e  n o t  very 

s e n s i t i v e  t o  t h e  prec ise  v a l i d i t y  o f  t h i s  assumption s ince t h e  average 

momentum o f  near ly  thermal ly  accommodated molecules leav ing t h e  t r a p  i s  

much less than t h a t  o f  t h e  i n c i d e n t  molecules.) The beam i s  then moved 

upward mechanical ly so t h a t  it s t r i k e s  t h e  t e s t  sur face and t h e  balance 

d e f l e c t i o n  i s  again observed, g i v i n g  t h e  f o r c e  produced by t h e  beam. Th is  

method of  measuring t h e  beam f l u x  has the  advantage t h a t  t h e  absolute 

c a l i b r a t i o n  o f  t h e  balance i s  not  needed, s ince two balance d e f l e c t i o n s  are 

being compared i n  order  t o  f i n d  t h e  average momentum t r a n s f e r r e d  t o  t h e  

t e s t  surface by t h e  molecules o f  t h e  beam. I n  each measurement t h e  ion 

beam i s  turned on and o f f  and t h e  r e s u l t i n g  balance d e f l e c t i o n  i s  taken as 

a measure o f  t h e  f o r c e  o f  i n t e r e s t .  The e f f e c t  o f  a l l  fo rces  on t h e  balance 

o ther  than t h a t  produced by t h e  beam (such as t h a t  caused by t h e  n e u t r a l i z i n g  

gas) are thus e l iminated.  The momentum t r a p  Is 4.1 cm long w i t h  an apex 

angle of 22O and w i t h  a 0.9 cm diameter hole. 

t o  t h e  t o t a l  i n t e r n a i  sur face area o f  t h e  cone i s  0.052, so t h a t  one would 

expect e n t e r i n g  molecules t o  experience, on t h e  average, around 20 c o l l i s i o n s  

w i t h  t h e  sur face o f  t h e  box before leaving. Th is  means t h a t  i f  one assumes 

t h a t  the  thermal accommodation c o e f f i c i e n t  f o r  a s i n g l e  c o l l i s i o n  o f  a 

molecule w i t h  t h e  inner  sur face o f  t h e  cone i s  g r e a t e r  than around 0.2, t h e  

assumption t h a t  t h e  molecules leaving t h e  box have an average v e l o c i t y  t h a t  

i s  c h a r a c t e r i s t i c  o f  t h e  box temperature i s  we l l  s a t i s f i e d .  Although t h e r e  

The r a t i o  o f  t h e  ho le  area 
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have been no measurements o f  t he  accommodation c o e f f i c i e n t  i n  the  eV energy 

range, the  measurements a t  thermal energ ies"  i n d i c a t e  t h a t  f o r  gas covered 

surfaces t h e  accommodation c o e f f i c i e n t  i s  genera l l y  g rea ter  than 0.5. 

Theore t ica l  cons idera t ion  o f  t he  pa r t i c l e -su r face  i n t e r a c t i o n  as being hard- 

sphere a t  eV energ ies a l s o  leads one t o  t h i n k  t h a t  t h e  accommodation coe f f i c -  

i e n t  f o r  these s tud ies  ( w i t h  or  w i thou t  adsorbed gases) w i l l  be i n  excess 

o f  0.5. A l l  measurements descr ibed here were performed w i t h  t e s t  surfaces 

a t  room temperature. 

As s ta ted  e a r l i e r ,  t h e  p r i n c i p a l  d i f f i c u l t y  i n  us ing the  e l e c t r i c a l  

acce le ra t i on  method, descr ibed i n  the  prev ious sect ions,  i s  i n  achiev ing 

an adequate beam f l u x  f o r  de tec t i on  by the  t o r s i o n  balance, 

then, w i t h  a s ignal - to-noise problem where the  s lgna l  i s  t h e  fo rce  produced 

by the  beam on the  t e s t  sur face and t h e  noise i s  t h a t  o f  t he  t o r s i o n  balance. 

As an example o f  t he  magnitudes involved f o r  a I O  eV N beam w i t h  a f l u x  

o f  I O '  I mol /sec, the  fo rce  produced on the  t e s t  sur face wou Id  be 3.8 x I 0-6 

dyne, under the  assumption t h a t  the  r e f l e c t e d  molecules ca r ry  away n e g l i g i b l e  

momentum. I f  t he  r e f l e c t e d  molecules have apprec iab le momentum compared 

t o  the  i nc iden t  momentum, the  fo rce  would then be l a rge r ,  The minimum 

measured rms noise o f  t h i s  t ype  o f  t o r s i o n  balance is around 2 x dyne , 
and t h i s  f i g u r e  is j u s t  about equal t o  what one expects f o r  t he  Brownian 

mot ion o f  the  balance vane. 

of t h e  measured c h a r a c t e r i s t i c s  o f  t h e  present  system. 

One i s  concerned, 

2 

8 

The f o l l o w i n g  paragraphs conta in  desc r ip t i ons  

The beam c h a r a c t e r i s t i c s  g iven here w i l l  be f o r  a N beam w i t h  an 

energy o f  I O  eV. For h igher  energ ies the  usable beam f l u x  w i l l  be greater ,  

wh i l e  f o r  lower energ ies it w i l l  be less.  The o t h e r  c h a r a c t e r i s t i c s  o f  t h e  

beam genera l l y  w i l l  no t  depend on the  beam energy, A t y p i c a l  s e t  o f  char- 

a c t e r i s t i c s  f o r  t h e  beam system i s  g iven below. 

2 

10 eV N2 Beam 

i- 
N2 

N2 

Current  Ext racted from Ion Source 

Current  Through Empty N e u t r a l i z i n g  C e l l  
t 

5 x  IO-^ amp 

4 x amp 
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Elec t ron  Current  Through Neutra l  [ z i n g  C e l l  

Percent Neutra I i z a t i o n  o f  N2 

N2 Beam S t r i k i n g  Test  Surface 

Force Produced on Test  Surface by Beam 

Energy Spread o f  Beam 

Diameter o f  Beam a t  Test  Surface 

+ 

Measurements can be made e a s i l y  w i t h  t h  

g r e a t e r  than I O  eV, s ince l a r g e r  beam f l u x e s  

2 x  IO-^ amp 

4 x 10"  mol./sec. 

I .5 x dyne 

k0.5 eV 

0 - 6  cm 

20% 

s beam system a t  any beam energy 

are ob ta inab le  a t  t h e  h igher  

The system can be used t o  extend ,he measurements t o  atomic and 

However, separate s tud ies  need t o b e  made 

energies.  

molecular species o ther  than N2. 

t o  achieve s u i t a b l e  opera t ion  o f  t h e  system f o r  each species. 

The most important c h a r a c t e r i s t i c  o f  t h e  balance i s  i t s  no ise leve l  

expressed i n  f o r c e  u n i t s .  The per iod  of t h e  balance i n  i t s  t o r s i o n a l  mode 

i s  a l s o  a cons idera t ion  s ince t h i s  determines t h e  length o f  t ime requi red 

f o r  o s c i l l a t i o n s  t o  be damped o u t  a f t e r  t h e  beam is allowed t o  d e f l e c t  t h e  

balance. 

t h a t  a minimum amount o f  t ime i s  spent i n  c o n s t r u c t i o n  and t e s t i n g  o f  each 

new balance. 

I t  i s  a l s o  d e s i r a b l e  t o  have t h e  balance reasonably rugged so 

With a I O  micron tungsten t o r s i o n  f i b e r  the  balance i s  s tu rdy  enough 

A t o  be const ructed w i thout  spec ia l  equipment and can be handled e a s i l y .  

t y p i c a l  rms noise level  i n  angular u n i t s  f o r  t h i s  balance i s  around 4 x I O  

radians, o r ,  expressed i n  u n i t s  o f  force,  it 'is 4 x dynes. A t  t imes 

o f  minimum ex terna l  d isturbance, t h e  noise level  o f  t h e  balance was found 

t o  be about equal t o  t h e  Brownian l i m i t  o f  2 x dyne. The l a r g e r  noise 

values r e s u l t  from pressure v a r i a t i o n s  due t o  t h e  i r r e g u l a r  pumping char- 

a c t e r i s t i c s  o f  t h e  d i f f u s i o n  pumps and from v i b r a t i o n s  reaching t h e  balance. 

The t o r s i o n a l  per iod  of t h e  balance depends on t h e  moment of i n e r t i a  o f  t h e  

vane assembly which i s  s l i g h t l y  d i f f e r e n t  f o r  each new balance b u t  a t y p i c a l  

value for  t h e  per iod  i s  15 seconds. 

-7 

I n  a measurement t h e  beam i s  al lowed t o  s t r i k e  t h e  t e s t  sur face and 

t h e  balance d e f l e c t i o n  i s  recorded. The beam chamber i s  then moved downward 

I O  



mechanical ly so t h a t  t h e  beam enters  t h e  momentum t rap,  and t h e  corresponding 

balance d e f l e c t i o n  i s  recorded. The r a t i o  o f  these two d e f l e c t i o n s  then 

g ives  

P + P a  
0 

where Pa i s  t h e  momentum due t o  t h e  molecules leav ing t h e  momentum t r a p  and 

has a maximum value f o r  these experiments of around 0.055 P . 
assumes t h a t  t h e  molecules c o l l i d e  w i t h  the  w a l l s  o f  t h e  momentum t r a p  a 

s u f f i c i e n t l y  large number o f  t imes t h a t  they are i n  thermal e q u i l i b r i u m  

w i t h  t h e  w a l l s  and leave w i t h  a corresponding v e l o c i t y  and angular d i s t r i b u -  

t i o n ,  then by knowing t h e  temperature o f  the  wal ls ,  Pa can be ca lcu lated,  

and 

I f  one 
0 

can be e a s i l y  computed from m 
P 

P 
- 

0 

I n  t h e  measurements t o  be discussed i n  t h e  nex t  sec t ion  t h e  n e u t r a l i -  

z a t i o n  c e l l  i s  located about 18 cm from t h e  t e s t  sur face on t h e  t o r s i o n  

balance. Th is  a l lows a considerable d is tance w i t h i n  which t h e  neut ra l  

beam can d iverge appreciably,  e s p e c i a l l y  a t  t h e  low energies where t h e  

ion  beam before n e u t r a l i z a t i o n  Is expected t o  be r a t h e r  divergent.  

diameter o f  t h e  beam a t  t h e  t e s t  sur face a t  low energies was found t o  be 

around I - 1.5 cm. Since it i s  d i f f i c u l t  t o  c o n s t r u c t  a s a t i s f a c t o r y  

balance w i t h  t h e  t e s t  sur face and t h e  entrance aper ture o f  t h e  momentum 

t r a p  as large as t h i s ,  some means was necessary t o  c o l l i m a t e  t h e  neut ra l  

beam be-fore it reached t h e  balance. 

0.6 cm dia.  c o l l i m a t i n g  holes, one above t h e  other ,  j u s t  before t h e  balance. 

The diameter of t h e  holes i s  such t h a t  a l l  o f  t h e  beam passing through t h e  

top ho le  w i l l  s t r i k e  t h e  t e s t  sur face and a l l  of t h e  beam passing through 

The 

This  was accomplished by p l a c i n g  two 



t he  bottom ho le  w i l l  e n t e r  t h e  momentum t rap .  The measurement i s  then 

performed by c l o s i n g  t h e  bottom ho le  w i t h  a shut te r ,  a l l ow ing  a p o r t i o n  of 

t he  beam t o  pass through t h e  upper ho le  and s t r i k e  the  t e s t  surface,and 

record ing  the  corresponding balance d e f l e c t i o n .  The beam chamber i s  then 

moved downward a d is tance equal t o  t h e  separat ion between t h e  two holes, 

t h e  top  ho le  i s  c losed and the  bottom one opened, the  same p o r t i o n  o f  t h e  

beam i s  al lowed t o  pass through the  bottom ho le  and e n t e r  t h e  momentum 

trap, and t h e  balance d e f l e c t i o n  i s  recorded. The r a t i o  o f  these two de- 

f l e c t i o n s ,  then, g ives  t h e  va lue o f  R. 

Because o f  t h e  na ture  o f  t he  method used t o  produce the  beam t h e r e  are  

Th is  requ i res  t h a t  fo rces  on t h e  balance i n  a d d i t i o n  t o  t h e  des i red force.  

t h e  method used t o  o b t a i n  t h e  balance d e f l e c t i o n  should e l i m i n a t e  any e f f e c t s  

due t o  these extraneous forces.  F i r s t ,  t he re  i s  a fo rce  on t h e  balance 

produced by N gas e f f u s i n g  from t h e  n e u t r a l i z i n g  c e l l ,  which may be con- 

s ide rab ly  la rger  than t h a t  caused by t h e  molecules o f  i n t e r e s t .  Second, 

there  can be a f o r c e  produced by high energy neut ra l  molecules t h a t  were 

produced by charge t r a n s f e r  of beam ions i n  t h e  res idua l  gas o f  t h e  beam 

chamber a t  p o i n t s  w i t h i n  the  e l e c t r o s t a t i c  focus ing system where t h e  ion 

energy i s  h igher  than t h e  des i red energy. One must then have a method of 

ob ta in ing  balance d e f l e c t i o n s  which are  due on ly  t o  t h e  des i red neut ra l  

beam molecules and are  n o t  a f f e c t e d  by t h e  magnitude o f  these extraneous 

forces.  Th is  i s  accomplished by a l l ow ing  a l l  o f  these molecules t o  s t r i k e  

the  balance and then measuring t h e  balance d e f l e c t i o n  t h a t  r e s u l t s  when t h e  

molecules o f  i n t e r e s t  a re  prevented from reaching the  balance. Th is  i n  

e f f e c t  a l lows one t o  ignore t h e  e f f e c t  o f  t h e  unwanted molecules. 

moiecules o f  i n t e r e s t  (which i n  prev ious d iscuss ion we have c a l l e d  t h e  beam) 

are  prevented from reaching t h e  balance by changing t h e  p o t e n t i a l  on an 

e lec t rode  j u s t  before t h e  n e u t r a l i z a t i o n  c e l l  so t h a t  the  ions cannot e n t e r  

t h e  c e l l .  Th is  e l im ina tes  t h e  fo rce  on t h e  balance caused by t h e  neu t ra l  

molecules formed by n e u t r a l i z a t i o n  o f  these ions, b u t  does no t  a f f e c t  t h e  

2 

The 

s. The 

and o f f  

fo rces  due 

correspond 

t o  t h e  e f f u s i n g  gas molecules and the  h igh  energy neut ra  

ng balance d e f l e c t i o n s  caused by t u r n i n g  t h e  ion  beam on 



i n  t h i s  manner i s  then the  des i red de f l ec t i on .  

repeated f o r  both t h e  t e s t  sur face and the  momentum t rap .  

Th is  procedure is ,  of course, 

General l y  f o u r  o r  f i v e  measurements a re  taken w i t h  the  beam s t r i k i n g  

the  t e s t  surface, then a s i m i l a r  number w i t h  the  beam e n t e r i n g  the  momentum 

t rap ,  and then another s e t  w i t h  the  t e s t  surface. The average for  the  t e s t  

sur face i s  then compared t o  t h e  average f o r  t he  momentum t rap .  The f a c t  

t h a t  a complete measurement inc ludes two se ts  f o r  t he  t e s t  sur face tends 

t o  minimize the  e f f e c t  o f  s lowly  changing beam cond i t ions .  

The measurements were performed f o r  several d i f f e r e n t  t e s t  surfaces. 

The e n t i r e  quest ion o f  sur face c o n d i t i o n  i n  experiments such as these involves 

a number o f  unce r ta in t i es .  I n  cons ider ing  the  a p p l i c a t i o n  o f  t h e  measurements 

t o  s a t e l l i t e  s tud ies  o f  t h e  dens i ty  o f  t h e  e a r t h ' s  upper atmosphere, one 

would l i k e  t o  make t h e  measurements us ing  samples o f  actua l  s a t e l l i t e  

surfaces which have the  same sur face c o n d i t i o n  as t h a t  o f  the sa te l  I i t e  i n  

o r b i t  ( e s p e c i a l l y  regard ing adsorbed gases on t h e  sur face) .  There are two 

reasons why t h i s  d e s i r a b i l i t y  cannot be achieved a t  present.  F i r s t ,  t he  

c o n d i t i o n  of the  s a t e l l i t e ' s  sur face is t o  a la rge  e x t e n t  unknown. I t  depends 

on t h e  prepara t ion  o f  the  s a t e l l i t e ,  i t s  environment i n  o r b i t ,  and poss ib le  

cont inua l  emission o f  gases from po r t i ons  o f  t he  s a t e l l i t e .  Second, even 

t h e  most advanced labora tory  techniques are n o t  p resen t l y  capable o f  spec i fy -  

i ng  p r e c i s e l y  t h e  c o n d i t i o n  o f  a sur face under study. I t  i s  poss ib le ,  how- 

ever, t h a t  some aspects o f  t h e  molecule-surface i n t e r a c t i o n  are  n o t  espec ia l l y  

s e n s i t i v e  t o  t h e  exac t  na ture  o f  t h e  surface, p a r t i c u l a r l y  aspects t h a t  invo lve  

averages over  a number o f  parameters. Since t h e  momentum t r a n s f e r  measurements 

descr ibed here prov ide  a r a t h e r  coarse study o f  t he  i n te rac t i on ,  t h e  f o l l o w i n g  

phi losophy has been adopted w i th  regard t o  sur face cond i t ion .  The measurements 

a re  

face 

p I ac 

by 0 

from 

erformed f o r  several  t e s t  surfaces, bu t  the  exac t  cond i t i on  o f  t h e  sur- 

i s  n o t  r i g i d l y  con t ro l l ed ,  

ng them i n  t h e  vacuum system so as t o  prevent  t h e i r  being contaminated 

Is, f i n g e r p r i n t s ,  etc., bu t  no at tempt  i s  made t o  remove adsorbed gases 

t h e  sur faces a f t e r  they are  i n  the  vacuum system and t h e  measurements 

The sur faces are handled c a r e f u l l y  be fore  
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are  performed a t  pressures ( -  T o r r )  such t h a t  a c lean sur face (no 

adsorbed gases 1 cannot be maintained. I f  t h e  r e s u l t s  o f  t h e  measurements 

i n d i c a t e  t h a t  o n l y  t h e  gross character  o f  t h e  sur face (such as sur face 

roughness) a f f e c t s  t h e  momentum t r a n s f e r ,  then one might conclude t h a t  t h e  

surfaces can be adequate I y charac ter i  zed f o r  t h  i s p a r t i  cu I a r  type o f  measure- 

ment, Measurements t h a t  i n v e s t i g a t e  f i n e r  de ta i  I s  o f  t h e  i n t e r a c t i o n ,  such 

as t h e  angular and v e l o c i t y  d i s t r i b u t i o n  of t h e  r e f l e c t e d  p a r t i c l e s ,  may 

r e q u i r e  considerably more accurate sur face c h a r a c t e r i z a t i o n .  

14 



RESULTS 

'm The o b j e c t i v e  i n  these measurements i s  t o  i n v e s t i g a t e  - as a func t ion  

o f  molecule energy and angle of incidence f o r  several t e s t  surfaces, in-  

c l u d i n g  samples of surfaces used on actual  s a t e l l i t e s .  The surfaces used 

i n  these s tud ies  were samples o f  mater ia l  used i n  t h e  e a r t h  s a t e l  I i t e s  

Echo I ,  Echo 1 1 ,  and Explorer  X I X  (no p a i n t ) .  Photomicrographs of these 

t h r e e  surfaces t o  show t h e  gross roughness are shown i n  Figure 3. The 

r e s u l t s  o f  t h e  measurements are presented i n  Figures 4-7, i n  which t h e  

r a t i o  - I S  p l o t t e d  versus t h e  i n c i d e n t  energy E . The measurements 

extend up t o  an energy of 200 eV s ince these r e s u l t s  are r a t h e r  e a s i l y  

obtained and they i n d i c a t e  t h e  h igh  energy l i m i t  o f  t h e  momentum t r a n s f e r .  

One o f  t h e  p r i n c i p a l  f a c t o r s  i n  determining t h e  nature o f  t h e  p a r t i c l e -  

sur face i n t e r a c t i o n  i s  t h e  r a t i o  o f  the masses o f  t h e  i n c i d e n t  molecule and 

t h e  sur face atoms t h a t  it s t r i k e s .  For t h i s  reason a measurement was 

made f o r  a go ld surface (mass number 197) a t  0 = Oo $0 see i f  t h e  r e s u l t s  

a re  a f f e c t e d  by a large change i n  t h e  mass number o f  t h e  base m a t e r i a l ,  

The f a c t  t h a t  t h e  r e s u l t s  f o r  go ld were e s s e n t i a l l y  t h e  same as f o r  t h e  

o t h e r  surfaces i n d i c a t e s  t h a t  under the  cond i t ions  o f  these measurements 

t h e  i n t e r a c t i o n  w i t h  adsorbed gases appears t o  predominate. 

Pm 
PO 0 

Fm A s t ra igh t - fo rward  i n v e s t i g a t i o n  of t h e  dependence o f  t h e  r a t i o  - 
PO 

on the  angle o f  incidence would invo lve  mounting t h e  t e s t  surfaces on t h e  

balance vane so t h a t  t h e  beam molecules s t r i k e  t h e  sur face a t  t h e  chosen 

angle, b u t  

Th is  means 

new angle. 

f o l  lowed w 

w i t h  t h e  beam d i r e c t i o n  s t i  l I  perpendicu lar  t o  balance vane. 

t h a t  t h e  balance must be modi f ied o r  reconstructed f o r  each 

A t  angles o f  incidence less than 30° t h i s  procedure was 

t h  success. A t  l a r g e r  angles, however, it was found t h a t  the  

combination o f  t h e  mass o f  t h e  

sur face needed t o  i n t e r c e p t  a l  

aper ture caused t h e  balance t o  

s tud ied gave e s s e n t i a l l y  i d e n t  

momentum t r a p  and t h a t  o f  t h e  l a r g e r  t e s t  

o f  the  beam passi ng through t h e  COI I imat i ng 

be i n t o l e r a b l y  noisy.  Since a l l  t h e  surfaces 

ca l  r e s u l t s  it was decided t h a t  t h e  measurements 
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Echo I 

Echo I1 

Expl orer X IX 
(no p a i n t )  

Figure 3.  Photomicroqraphs of Surfaces 
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a t  l a r g e r  angles would be performed by e l i m i n a t i n g  t h e  momentum t r a p  and 

us ing one o f  t h e  sur faces s tud ied  e a r l i e r  ( a t  0 = 0 ' )  as a reference 

surface, thereby reducing t h e  mass mounted on t h e  balance arm. 
Pm - for t h e  l a r g e r  angles can thus be obtained by comparing d e f l e c t i o n s  
PO 
f o r  t h e  i n c l  

The r a t i o  

r e s u l t s  obta 

su r f ace w i t h 

sur face d i v i  

then 

ned sur face and t h e  reference surface, and then us ing t h e  

ned prev ious ly  which provided a comparison o f  t h e  reference 

t h e  momentum absorber. I f  t h e  d e f l e c t i o n  for  t h e  i n c l i n e d  

ed by t h e  d e f l e c t i o n  f o r  t h e  reference sur face i s  c a l l e d  S, 

'0 + 'rn s =  
Po + P i  

p* 

PO 

I + -  

p i  I + -  P 

, 

where Pz i s  t h e  value o f  P f o r  t h e  reference sur face f o r  0 = 0. Also, m 
DO 
I m I + -  
PO 

'a ' 
Ro = Po + P i  - - 

I + -  Po + pa 
P 
'0 

where Ro i s  t h e  va lue o f  R f o r  the  reference sur face a t  8 = 0. E l i m i n a t i n g  

'm 

' 0  

PO - between t h e  expressions f o r  S and Ro and s o l v i n g  f o r  - one gets  rfi 

'a - S Ro ( I  + - I  - I .  'm 
7 -  

0 
P 

0 
P 

T h i s  i s  t h e  expression used for o b t a i n i n g  t h e  l a r g e r  angles of 

incidence where one i s  comparing t h e  i n c l i n e d  sur face t o  t h a t  

on a re ference surface. 
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I n  F igure  4 f o r  t h e  Echo I surface e r r o r  bars a re  shown for t h e  measure- 

ments a t  e = Oo and 8 = 75O, and are  representa t ive  of  t h e  corresponding 

u n c e r t a i n t i e s  i n  t h e  o t h e r  measurements. 

as ca l cu la ted  from a number o f  measure- Pm dev ia t i oh  i n  t h e  mean va lue o f  - 
PO 

ments a t  a g iven energy, and there fore  represent t h e  r e s u l t  o f  random 

f l u c t u a t i o n s  from t h e  mean va lue caused by system noise, e t c .  No in -  

c l u s i o n  has been made o f  poss ib le  systemat ic e r r o r s  i n  the  measurements, 

b u t  it i s  f e l t  t h a t  these should be small s ince  t h e  measurements i nvo l ve  

a comparison o f  two determinat ions of the  same type of q u a n t i t y  (balance 

d e f l e c t i o n )  which were repeated a number o f  t imes f o r  each sur face and 

angle over  a per iod  o f  several  months. 

The e r r o r  bars g i ve  t h e  standard 

I t  i s  seen i n  t h e  photomicrograph o f  t h e  Exp lorer  X I X  sur face i n  F igure 

3 t h a t  t h e r e  i s  a p a t t e r n  o f  p a r a l l e l  graoves and r idges.  I t  was found 
m t h a t  f o r  t he  measurements o f  - f o r  t h i s  surface a t  t he  l a rge r  angles, 

t he  o r i e n t a t i o n  o f  t h i s  p a t t e r n  a f fec ted  the  r e s u l t s .  The measurements 

shown i n  F igure  6 f o r  45' and 75' were taken w i t h  the  grooves v e r t i c a l  

( p r o j e c t i o n  o f  t h e  grooves on the  normal t o  the  beam d i r e c t i o n  i s  ver-  

t i c a l ) ,  wh i l e  those o f  F igure 7 were taken w i th  t h e  grooves h o r i z o n t a l .  

The behavior o f  t h e  0 = 75O curve i n  F igure 7 a t  low energ ies i s  unusual 

decreases w i t h  decreasing energy. These low energy measure- Pm i n  t h a t  - 
ments were repeated a number o f  t imes t o  check the  resu l t s ,  and t h e  de- 

pendence shown i n  F igure  7 was obtained cons is ten t l y .  
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DRAG COEFFICIENTS 

One of t h e  purposes o f  these measurements has been t o  a l low one t o  

c a l c u l a t e  drag c o e f f i c i e n t s  f o r  bodies moving i n  f ree-molecular f low w i t h  

speeds i n  t h e  s a t e l l i t e  range. With t h e  experimental r e s u l t s  o f  t h e  l a s t  

sec t ion  and Equation ( 1 )  one can c a l c u l a t e  drag c o e f f i c i e n t s  f o r  a body 

o f  any convex shape. I n  t h i s  s e c t i o n  such c a l c u l a t i o n s  for  spher ica l  

bodies are performed. 

I n  o rder  t o  do t h e  i n t e g r a t i o n  ind ica ted  i n  Equation ( 1 )  over a sphere 

as a f u n c t i o n  o f  0. Figure 8 shows a t y p i c a l  'm it i s  necessary t o  know - 
versus cos0 taken from Figures 4-7 f o r  two energies. For a 

( 1 )  can be w r i t t e n  as 

1 'm 
1 + 2 Io sin0cos0d8 

0 

Taking t h e  data p o i n t s  o f  F igure 8 and f i t t i n g  them wi th  s t r a i g h t  l i n e  

segments ( t h r e e  o r  less)  i n  t h e  range 0.26 - -  < 0 < 1.00 one can e a s i l y  

c a l c u l a t e  the  c o n t r i b u t i o n  t o  t h e  drag c o e f f i c i e n t  f o r  p a r t s  of  t h e  sphere 

where 0 i s  less than 75'. Since no data was taken f o r  angles grea ter  than 

75'",  then some e x t r a p o l a t i o n  t o  l a r g e r  angles must be used. Consider two 

such e x t r a p o l a t i o n  procedures as bounds on t h e  actual  behavior of t h e  

curve i n  t h i s  reg ion:  ( 1 )  an extens ion of t h e  s t r a i g h t  l i n e  segment used 

f o r  angles s l i g h t l y  less than 75' t o  angles 7 5 O  - -  < 8 < 90' w i l l  g i v e  t h e  

upper bound t o  t h e  actual  curve and ( 2 )  a s t r a i g h t  l i n e  drawn from t h e  

data p o i n t  a t  75' t o  5 = - I  a t  0 = 90° w i  I I g i v e  the  lower bound. 

o f  t h e  drag c o e f f i c i e n y s  obtained by these two methods are shown i n  Figures 

9-11. I t  i s  seen t h a t  t h e  two extremes i n  e x t r a p o l a t i o n  amount t o  about 

a It I percent d i f f e r e n c e  i n  t h e  value of t h e  drag c o e f f i c i e n t .  

P l o t s  P 

I n  F igure 12 t h e  curves o f  drag c o e f f i c i e n t  versus energy have been 

p l o t t e d  for  t h e  t h r e e  surfaces Echo I ,  Echo I I ,  and Explorer  X I X .  These 

represent  averages o f  t h e  two l i m i t i n g  e x t r a p o l a t i o n  procedures, and for 
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t h e  case of Explorer  X I X  an average a l s o  of t h e  two o r i e n t a t i o n s  of surface 

grooves ( o r  l i n e s ) .  I t  i s  seen i n  F igure 12 t h a t  f o r  a given energy (or 
v e l o c i t y )  t h e  value of CD v a r i e s  by about 6 percent from t h e  surface w i t h  

t h e  minimum value (Explorer  X I X )  t o  the  one w i th  t h e  maximum value (Echo 

I l l .  A large p a r t  o f  t h i s  v a r i a t i o n  i s  probably a t t r i b u t a b l e  t o  d i f fe rences  

i n  gross sur face roughness. I n  Figure 3 it i s  seen t h a t  t h e  Echo I1 

surface has a large number o f  r a t h e r  sharp cracks which would be expected 

t o  lead t o  l a r g e r  values o f  Pm than f o r  a smoother surface, and hence t o  

la rger  values o f  CD. 
smooth w i t h  a few r e l a t i v e l y  small  i r r e g u l a r i t i e s .  The Explorer  X I X  

surface which i s  r o l l e d  aluminum foil, shows the grooves mentioned e a r l i e r  

b u t  the depressions appear deeper and more rounded than t h e  c rack  s t r u c t u r e  

seen i n  t h e  Echo I I  surface. 

The sur face o f  t h e  Echo 1 sample appears r a t h e r  

The e r r o r  bars on t h e  low energy d a t a  (shown t y p i c a l l y  i n  F igure 4) 
would lead t o  about a 2 I percent uncer ta in ty  i n  t h e  drag c o e f f i c i e n t ,  

which along w i t h  t h e  u n c e r t a i n t y  i n  the large angle e x t r a p o l a t i o n  pro- 

cedure would lead t o  a t o t a l  uncer ta in ty  i n  t h e  drag c o e f f i c i e n t s  o f  about 

2 percent f o r  +he lowest energies o t  t h e  curves o f  F igure 12. 

Consider now t h e  quest ion o f  es t imat ing  drag c o e f f i c i e n t s  f o r  surfaces 

o ther  than those f o r  which measurements were described above. From t h e  

f a c t  t h a t  t h e  B = Oo r e s u l t s  seem r a t h e r  i n s e n s i t i v e  t o  both t h e  base 

mater ia l  o f  t h e  sur face and the  gross sur face roughness, t h e  v a r i a t i o n  i n  

value o f  drag c o e f f i c i e n t  seen f o r  the  th ree  surfaces i n  Figure 12 comes 

about main ly  due t o  t h e  d i f f e r e n t  large angle behavior o f  t h e  r e s u l t s .  

i s  very  l i k e l y  t h a t  sur face contour d i f f e r e n c e s  a r e  what lead t o  t h i s  be- 

hav ior ,  a l though t h e  d is tance scale on which these contour d i f f e r e n c e s  are  

most important i s  n o t  known. A good guess f o r  an unknown sur face might 

be t o  take a photomicrograph o f  t h e  sur face and compare it t o  those of 

F igure 3. I f  t h e  sur face looked r a t h e r  smooth o r  had large rounded i r r e -  

g u l a r i t i e s  one might expect t h a t  the  corresponding drag c o e f f i c i e n t  would 

f a l l  somewhere between t h e  curves for Echo I and Explorer  X IX ,  whereas i f  

I t  
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t h e  sur face had r a t h e r  sharp i r r e g u l a r i t i e s  one might  expect values c l o s e r  

t o  t h e  Exho I I  curve. A t y p i c a l  photomicrograph of one o f  t h e  painted 

surfaces mentioned i n  t h e  I n t r o d u c t i o n  i s  shown i n  F igure 13, and com- 

par ison w i t h  those o f  F igure 3 shows t h e  painted surfaces t o  be r e l a t i v e l y  

smooth. Th is  would lead one t o  est imate t h a t  t h e  drag c o e f f i c i e n t s  for 

t h e  painted surfaces would be somewhere around t h e  lowest o f  t h e  curves 

of  F igure 12, t o  w i t h i n  a few percent  ( t h e  order  o f  t h e  u n c e r t a i n t i e s  of  

the curves of F igure 12 and t h e  d i f f e r e n c e s  between curves f o r  d i f f e r e n t  

su rf aces 1. 

The drag c o e f f i c i e n t s  f o r  t h e  surfaces s tud ied are seen t o  be 

s l i g h t l y  g r e a t e r  than 2 a t  low energies, a r e s u l t  one would a l s o  g e t  by 

assuming t h a t  t h e  r e f l e c t e d  molecules are Thermally accommodated t o  t h e  

surface. I t  should be pointed out,  then, t h a t  t h e  C,, = 2 for  spheres 

obtained from t h e  present expe imental r e s u l t s  come about because t h e  

f o r  small  angles i s  t o  a large e x t e n t  apprec iab le p o s i t i v e  va lue o f  - 
cancel led by t h e  negat ive values a t  l a r g e r  angles. A body o f  a d i f f e r e n t  

shape might  t h e r e f o r e  g i v e  values ot CD which are s i g n i f i c a n t l y  d i f f e r e n t  

from 2. 

s, 

30 



Explorer X X I V  
(Avg. Pain t  = 3.06) 

Figure 13. Photomicrograph o f  Painted Surface 
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